Introduction
[2] The opening of the NE Atlantic was preceded by intra-continental rifting throughout the Mesozoic, culminating in Early Tertiary continental breakup and the onset of sea-floor spreading at $55 Ma between Greenland (including Jan Mayen) and Norway [e.g., Bott, 1985; Mosar et al., 2002] . Continued sea-floor spreading led to the formation of the Reykjanes, Aegir, and Mohns ridges, which were fully developed by 47 Ma. A rift developed between Jan Mayen and Greenland and propagated northwards between 40 and 33 Ma [Müller et al., 2001] , forming the Kolbeinsey Ridge. Sea-floor spreading along the Aegir Ridge had ceased by 25 Ma. Full sea-floor spreading occurred along the Kolbeinsey Ridge by 10 Ma, connecting the Mohns Ridge to the Reykjanes Ridge, and separating the Jan Mayen micro-continent from the east coast of Greenland.
[3] The bathymetry of the study area is shown in Figure 1 . Elevated bathymetry is observed over the Jan Mayen microcontinent, Iceland, and the Iceland Plateau (the region north of Iceland formed by Kolbeinsey Ridge sea-floor spreading) in comparison to the Norwegian Basin, formed by seafloor spreading along the Aegir Ridge, and the Vøring Plateau. The free-air gravity data [Sandwell and Smith, 1997, Figure 1 ] shows well-defined maxima over Iceland, the Jan Mayen micro-continent and the Kolbeinsey Ridge. The Aegir Ridge is defined by a prominent minimum. Recent seismic studies of the area have found oceanic crustal thicknesses vary across the region; the Iceland Plateau exhibits thick oceanic crust [Kodaira et al., 1998 ] whereas extremely thin crust has been observed in the Norwegian Basin [Breivik et al., 2006] . It has recently been proposed that the Jan Mayen micro-continent may extend into eastern Iceland [Fedorova et al., 2005; Leftwich et al., 2005; Foulger, 2006] . A satellite gravity inversion incorporating a lithosphere thermal gravity anomaly correction has been used to determine the crustal thickness of the NE Atlantic. The results from the inversion have been successfully tested against seismic refraction data.
Crustal Thickness Determination From Gravity Inversion With a Lithosphere Thermal Gravity Anomaly Correction
[4] Moho topography Dr was calculated from the mantle residual gravity anomaly Dg mra using the scheme of Parker [1972] .
Where
Dg fag is the observed free air gravity anomaly, Dg b is the gravity anomaly from bathymetry and Dg t is the lithosphere thermal gravity anomaly; z o is the mean Moho depth, G = 6.67 Â 10 À11 m 3 kg À1 s
À2
, Dr = r m À r c , F denotes a Fourier transform and k is wave number. Dg mra was filtered before the inversion to remove the high frequency components within the data, using a Butterworth low-pass filter with a cutoff wavelength of 100 km. 
d ref may be determined by calibration using seismic refraction and corresponds to the thickness of crust that has zero bathymetry. A value of 32.5 km was used in the gravity inversion for the study area.
[6] Oceanic and rifted continental margin lithosphere have elevated geotherms. The observed thermal gravity anomaly Dg t at ocean ridges may be as much as À380 mGal, with lower, but still substantial, values observed away from the ridge and within rifted continental margin lithosphere. The initial perturbation of the geotherm is described by the lithosphere stretching factor b [McKenzie, 1978] . Dg t is caused by the density contrast Dr t arising from lateral variations in lithosphere temperature, and has been calculated using Dr t = raDT.
[7] Lithosphere temperature may be calculated using the lithosphere thinning model by McKenzie [1978] and used to predict the lithosphere thermal gravity anomaly correction.
Where: a, the lithosphere thickness = 125 km; a, the coefficient of thermal expansion = 3.28 Â 10
À5°CÀ1
; r, the lithosphere density = 3300 kgm À3 ; T m , the base lithosphere temperature = 1300°C; t, the lithosphere cooling thermal decay constant = 65 Ma and t is the lithosphere thermal equilibration time (Ma). The magnitude of the anomaly is governed by b and t. For oceanic lithosphere, b = 1 and t is the age of the oceanic lithosphere, defined by isochrons. For continental margin lithosphere,
the ratio of the initial thickness of continental crust ct 0 to the present continental crustal thickness ct now derived from gravity anomaly inversion; t is the time since continental breakup. Lithosphere thinning is assumed to be equivalent to crustal thinning.
[8] In the absence of oceanic ages from isochrons, or where isochrons are unreliable, an alternative strategy may be used to condition the lithosphere thermal model used to define Dg t For this, the whole region is treated as continental lithosphere with values for b and t as above. However, this approach fails to predict an increasing thermal anomaly towards the ridge so it over-predicts the crustal thickness in these regions. To overcome this, a combination of the two methods was used, with isochrons defining t in areas of oceanic crust close to the ridge axis and using a uniform breakup age for t nearer the margin. This method gives an independent prediction of the OCT location and marginal crustal thicknesses.
[9] Volcanic addition from the sea-floor spreading process results in the formation of oceanic crust and thickening of the continental crust adjacent to the ocean-continent transition. If va is the thickness of volcanic addition, then a correction may be made to equation (6):
va may be estimated from the lithosphere thinning factor g, where g = 1 À 1/b, using the adiabatic decompression melt generation model predictions of White and McKenzie [1989] and Bown and White [1994] . For this we must define a critical thinning factor for the initiation of oceanic crust production, and a maximum oceanic crustal thickness; for this study area, values of 0.5 and 10 km were used respectively, consistent with melt production at volcanic margins. An iterative cycle of gravity inversion to predict crustal thickness, b stretching factor, volcanic addition and lithosphere thermal gravity anomaly is used and rapidly converges. In the absence of reliable sediment thickness data, the gravity inversion scheme used in this paper produces an upper bound of crustal thickness and a lower bound of lithosphere thinning factor.
Crustal Thickness and Lithosphere Thinning Factor Distribution Predicted by Gravity Anomaly Inversion
[10] The crustal thickness from gravity inversion was initially calculated with no thermal gravity correction (Figure 2a ). This produced an over-estimate of the crustal [Sandwell and Smith, 1997] and ocean isochrons [Müller et al., 1997] for the NE Atlantic. thickness, with values for the Norwegian Basin of $15 km, for the Faroes-Iceland Ridge $28 km, and $22 km for the Iceland Plateau. The predicted oceanic crustal thicknesses with the lithosphere thermal gravity anomaly correction included in the inversion (Figure 2b ) are more consistent with seismic observations: 9 km for the Iceland Plateau [Kodaira et al., 1998 ] and 4 -11 km for the Norwegian Basin [Breivik et al., 2006] . Thicker crust (cf. ocean basins) is predicted for the Jan Mayen micro-continent south of Jan Mayen Island, with crust of the order of 20 km thickness extending southwards to connect with both the FaroesIceland Ridge and NE Iceland. Predicted crustal thicknesses under the Faroes-Iceland Ridge are approximately 25 km. The thermal correction used to compute Figure 2b uses oceanic isochron data from Müller et al. [1997] .
[11] Figure 3a shows the results from the gravity inversion for the Norwegian Basin using ocean isochrons younger than 40 Ma with the remaining area assumed to be continental and having a breakup age of 55 Ma. The predicted oceanic crustal thickness of the Aegir Ridge is as low as 4 km, increasing to 14 km at the Møre margin. Predicted crustal thicknesses for the Faroes-Iceland Ridge and the Jan Mayen micro-continent are $24 km and $19 km respectively. Very thin oceanic crust ($2 km) is also predicted for the Vøring Basin. The continental lithosphere thinning predicted from the gravity inversion is shown in Figure 3b . It shows a thinning factor of 1 in definite oceanic regions, with thinning decreasing towards the continental margins of Norway and Jan Mayen, and over the FaroesIceland Ridge.
[12] The gravity inversion has also been applied to the Iceland Plateau, using ocean isochrons younger than 20 Ma and a breakup age of 30 Ma. The predicted crustal thicknesses from this inversion (Figure 3c) show thicker crust extending from the Jan Mayen micro-continent through to Iceland and the Faroes-Iceland Ridge. The map shown in Figure 3c is only applicable to the west side of Jan Mayen because of the younger rift age used in determining the lithosphere thermal gravity anomaly correction. A maximum crustal thickness of $18 km is observed over the Jan Mayen micro-continent, with a value of $9 km obtained for much of the ocean basin region north of Iceland. The Faroes-Iceland Ridge has a crustal thickness of $26 km at its maximum. Maximum thinning occurs in the area represented by ocean isochrons. There is also a region of more thinned crust immediately west of the ridge above 68°in the Jan Mayen Basin. Lower thinning factors are seen over areas assumed in the inversion to be continental.
[13] In Figures 2 and 3 , a clear continent-ocean boundary exists to the east of the Jan Mayen micro-continent, terminated by the Faroes-Iceland Ridge to the south. There is a rapid transition from the continental crust of the Jan Mayen micro-continent to the oceanic crust of the Norwegian Basin. The different approaches used to determine the lithosphere thermal gravity anomaly correction predict similar ocean-continent transition locations, although crustal thicknesses vary slightly in some areas. To the west of the Jan Mayen micro-continent, the location of the oceancontinent transition is not well defined, particularly in the south towards Iceland.
Discussion and Summary
[14] The bathymetry and Moho depth calculated from the gravity inversion using the lithosphere thermal gravity anomaly correction are shown for profile A-C in Figure 4 . Crustal thickness decreases from Greenland towards the oceanic crust formed by the Kolbeinsey Ridge, where a minimum crustal thickness of 8 km is observed immediately to the west of the Jan Mayen micro-continent. The crust then thickens under the Jan Mayen micro-continent, reaching 19 km at its thickest. The crust thins again into the Norwegian Basin, where the minimum crustal thickness observed along this profile is $4.5 km. The crust then thickens towards the Norwegian margin.
[15] Breivik et al. [2006] derived crustal thickness for the Aegir Ridge using refraction seismology. They determined that the oceanic crust formed along the continental margin during the initial stages of opening was 10 -11 km thick, decreasing to 5.3 km between 51 and 43 Ma. For ages younger than 43 Ma, they observed a further decrease in oceanic crustal thickness to 3.9 km, corresponding to a decrease in sea-floor spreading rates. The crustal thickness for the Norwegian Basin predicted by the gravity inversion is consistent with these values.
[16] The observation of thin oceanic crust produced by the Aegir Ridge in the Oligocene is inconsistent with what Figure 2 . Crustal thickness predicted by the gravity inversion (a) with no lithosphere thermal gravity anomaly correction and (b) with a lithosphere thermal gravity anomaly correction computed using oceanic isochrons from Müller et al. [1997] .
would be expected if there were anomalously hot asthenosphere heated by a mantle plume under the northern North Atlantic at this time [White and McKenzie, 1989] . White [1997] has proposed cool (normal) asthenosphere temperatures during Oligocene sea-floor spreading south of the Faroes-Iceland Ridge on the evidence of oceanic fracture zone morphology and decreased oceanic crustal thickness. Bown and White [1994] and Dick et al. [2003] have proposed that oceanic crustal thickness decreases with sea-floor spreading rate. Breivik et al. [2006] show that Aegir Ridge sea-floor spreading half-rates decreased to 6 -8 mmyr
À1
during the Oligocene, falling within the category of ultraslow sea-floor spreading proposed by Dick et al. [2003] . A combination of cooler (normal) asthenosphere temperature and very slow sea-floor spreading rates may be responsible for the observed thin oceanic crust ($4 km) produced at the [17] An alternative explanation for thin oceanic crust on the Aegir Ridge has been proposed by Breivik et al. [2006] who suggest that thin oceanic crust may be caused by depletion of the asthenosphere during the construction of the Faroes-Iceland Ridge by the Iceland plume. Mantle compositional heterogeneity, as proposed by Foulger and Anderson [2005] , cannot be ruled out as contributing to variations in Aegir Ridge oceanic crustal thickness.
[18] The maximum crustal thickness of Jan Mayen predicted from the seismic data is 15 km [Kodaira et al., 1998 ], less than the values obtained from the gravity inversion (19 km). The presence of sediments on the ridge has not been incorporated into the gravity inversion because of lack of data; including a sediment correction in the calculations would decrease the crustal thickness estimation in areas with thick sediment coverage. Both gravity inversion and seismic methods [Kodaira et al., 1998 ] predict $9 km thickness of oceanic crust produced by Miocene sea-floor spreading on the Kolbeinsey Ridge; this thick oceanic crust may have been generated by sea-floor spreading with elevated asthenosphere temperatures [Kodaira et al., 1998 ].
[19] A band of thicker crust is predicted by the gravity inversion to extend south from Jan Mayen and connects with Iceland and the Faroes-Iceland Ridge. Both Darbyshire et al. [2000] and Foulger et al. [2003] found thicker crust in eastern Iceland (35 km and $30 km respectively) compared to western Iceland (20 km), where the crust thins away from the centre of the thermal anomaly. This distribution of crustal thickness is not as expected from an eastward migrating plume [Foulger et al., 2003] . Leftwich et al. [2005] found an abrupt change in the Moho depths determined from the seismic and gravity data in eastern Iceland. This may represent a change in crustal composition under eastern Iceland, as their results appear to show a connection between NE Iceland and the Jan Mayen micro-continent, a conclusion also reached by Fedorova et al. [2005] . Foulger [2006] argues the need for older crust to underlie Iceland based on spreading rates and the age of the oldest outcropping rocks in north-west and eastern Iceland and their separation, and suggests that part of this underlying crust may be a thin sliver of the Jan Mayen micro-continent captured beneath Iceland.
[20] Gravity inversion can be used to map 3D crustal thickness where seismic estimates are available for calibration. The method detailed in this paper has also been successfully applied to Atlantic non-volcanic rifted continental margins and the Eurasia and Amerasia basins of the Arctic Ocean [Alvey et al., 2006] .
